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Most often the reported cycling performance of LiO 2 systems is based on capacity-limited cycling, rather than the preferred potential-limited cycling where the full electrode capacity is utilized. Capacity-limited cycling performance of batteries makes it difficult to quantify if improved cycling stability can be attributed to the specific role of electrode or to the continuous consumption of new active sites on the electrode surface is delivered. To date, the only electrode systems that have displayed improved reversible Li 2 O 2 formation and decomposition during potential limited cycling in aprotic LiO 2 batteries are porous gold, [14] metallic RuO 2 , [41, 42] the metallic porous
Although the high energy density of LiO 2 chemistry is promising for vehicle electrification, the poor stability and parasitic reactions associated with carbonbased cathodes and the insulating nature of discharge products limit their rechargeability and energy density. 
Introduction
Rechargeable aprotic Li-air or LiO 2 batteries have great potential to enable energy-hungry applications, owing to their extremely high theoretical specific energy density. [1] [2] [3] [4] In typical aprotic LiO 2 batteries, the (dis)charge process proceeds via the formation (oxygen reduction reaction, ORR) and
Magnéli phase Ti 4 O 7 , [43] and TiC. [37] However, Ru and Au are heavy elements that limit their gravimetric energy density, and their high cost makes them unlikely candidates for practical LiO 2 batteries. TiC-based cathodes also exhibit good capacity retention but have a relatively low gravimetric capacity (about 350 mA h g −1 in dimethyl sulfoxide (DMSO) electrolyte and 520 mA h g −1 in TEGDME electrolyte), [37] and the same holds true for Ti 4 O 7 electrodes. [43] Alternatively, iron and iron oxide are both low-cost and abundant, and carbon-supported ironbased catalysts [44] [45] [46] [47] have been studied as O 2 diffusion electrodes for LiO 2 batteries. Although iron oxide electrodes have been shown to exhibit lower overpotential, a higher capacity and better cycling performance compared to carbon electrodes upon capacity-limited cycling, full (dis)charge (with potential limited cycling) has not been reported to date, which is in fact a key figure-of-merit for these batteries. Hematite Fe 2 O 3 is known as a O 2 reduction catalyst in aqueous media [48, 49] and as an O 2 adsorption material. [50] While it is ostensibly a wide band gap semiconductor, the presence of structrual defects leads to significant electronic conductivity. [50] Shimizu et al. [48] and Sun et al. [49] found that via its catalytic activity, Fe 2 O 3 could alter the ORR reaction pathway from a 2e − to a 4e − process in aqueous media. Gurlo et al. [50] have reported that oxygen could preferentially absorbs on the α-Fe 2 O 3 surface, and Zhang et al. [33] 
Results and discussion

Electrochemical Performance
The use of Fe 2 O 3 nanoseed crystals in the gas diffusion cathode was also motivated by our previous study, where hexagonal NiO nanocrystals (a = b = 2.972 ± 0.001 Å, c = 7.158 ± 0.001 Å) were found to induce equiaxal growth of Li 2 O 2 (a = b = 3.142 ± 0.005 Å, c = 7.650 ± 0.005 Å) due to an approximate match of their a-and b-lattice parameters. [30] The lattice parameters of the α-Fe 2 O 3 (a = b = 5.5035 Å and c = 13.74 Å) are distinct from Li 2 O 2 ; however, the interplanar spacing of its (104) . Therefore, the effective electrochemical surface area of Fe 2 O 3 /CNT electrodes must be significantly smaller compared to the CNT cathodes. This implies that when applying the same current density, based on the geometrical surface of the cathodes, the local current density should be expected to be larger for the Fe 2 O 3 /CNT cathodes. The cycling stability of the CNT cathode is relatively poor (Figure 1a -c), and after 30 cycles the specific discharge capacity decreases drastically at current densities of 0.1 and 0.2 mA h cm −2 . Under the same cycling conditions, despite the fact that the local current density should be larger, the Fe 2 O 3 /CNT cathode shows significantly better cycling stability and coulombic efficiency, as shown in Figure 1d -f. The reversible specific capacity on deep (dis)charge of the Fe 2 O 3 / CNT electrode reaches 1295 mA h g −1 after 50 cycles at a current density of 0.1 mA cm −2 (based on the total mass of the Fe 2 O 3 and CNT), which is larger than the first discharge capacity (951 mA h g −1 ). Also at a current density of 0.2 mA cm −2 , the initial specific discharge capacity of the Fe 2 O 3 /CNT cathode is 805 mA h g −1 , and it maintains a capacity of 1098 mA h g −1 after 50 cycles. The incremental capacity over cycling is most likely the result of continuous activation of the Fe 2 O 3 surface due to the gradual impregnation of the electrolyte into the porous structure of CNT and Fe 2 O 3 nanoparticles, which activates more reaction surface over time. [41] Interestingly, after the first cycle the specific capacity of the Fe 2 O 3 /CNT cathode (normalized using geometric surface of the electrode) is larger than that of the CNT cathode ( Figure S2 , Supporting Information). Again we note that the electrochemical surface area of the Fe 2 O 3 electrodes is expected to be smaller based on the smaller Fe 2 O 3 surface area compared to that of CNT. The initial discharge capacity of the Fe 2 O 3 /CNT cathode is 0.6 and 0.7 mA h cm −2 , and 0.95 and 1.05 mA h cm −2 for the CNT cathode at current densities of 0.1 and 0.2 mA cm −2 , respectively ( Figure S2 , Supporting Information). However, after 30 deep (dis)charge cycles, the capacities of the CNT electrode dramatically drop to almost zero. On the contrary, the capacity of the Fe 2 O 3 /CNT electrode increases to 0.85 and 0.95 mA h cm −2 after 50 deep (dis)charge cycles at current densities of 0.1 and 0.2 mA cm −2 , respectively. The results indicate that the Fe 2 O 3 /CNT cathode surface is more active toward ORR compared to the CNT cathode, hence triggering the formation of more Li 2 O 2 . The charge overpotential of the Fe 2 O 3 /CNT electrode is 200 mV lower than that of the CNT cathode ( Figure S3 , Supporting Information), which was also observed in other studies. [44, 45] As an anode in lithium-ion batteries, Fe 2 O 3 nanostructured materials follow a series of Li-insertion processes resulting in two voltage plateaus at ≈1.2 and 0.75 V, respectively. [51, 52] [53] Due to the low electronic conductivity of lithium oxide, the oxidation overpotential is expected to be high. The oxygen evolution anodic peaks can be attributed to the oxidation of Li 2 O 2 . [53, 54] 
Analysis of the Evolution of Products During (Dis)charge
In principle, the potential of a LiO 2 battery system should sharply increase when the discharge product is completely decomposed during charge. This is typically observed in Li-ion battery electrodes, where after all of the removable lithium ions are extracted, the potential steeply increases toward the cutoff voltage. However, this phenomenon is seldom reported for LiO 2 batteries, where capacity restriction is typically used to demonstrate the electrochemical performance of oxygen cathodes. Thereby, side reactions with the electrolyte that occur at large and small potentials are avoided, at the same time the reversibility is artificially improved as the battery is only partially discharged. Potential limited cycling utilizes the full capacity, and is more challenging, because side reactions are unavoidable in an aprotic LiO 2 battery at high charge potentials. These parasitic reactions lead to the formation of Li 2 CO 3 , the decomposition of the electrolyte, and the decomposition of the binder in the cathode. [55] To investigate the reversibility of the products on the Fe 2 O 3 / CNT oxygen cathodes at high charge potentials, the discharge capacity was restricted to 0.5 and 0.25 mA h and the LiO 2 batteries were subsequently charged to 4.5 V at current densities of 0.1 and 0.2 mA cm −2 , respectively, as shown in Figure S6 (Supporting Information). Under these conditions the LiO 2 battery also exhibits stable cycling, where the potential limited charge capacity is very close to the discharge capacity over 50 cycles ( Figure S6a,d) ). The discharge plateau is close to 2.6 V ( Figure S6b-f) . Notably, the charge voltage increases to 4.5 V at the end of the charge process following the stable charge plateaus, which is rarely reported for LiO 2 battery (dis)charge profiles. From the ex situ X-ray powder diffraction (XRD) patterns shown in Figure S7a (Supporting Information), it is difficult to observe differences between the diffraction peaks of the pristine and discharged Fe 2 O 3 /CNT cathode at the current densities of 0.1 and 0.2 mA cm −2 , as expected owing to the similar lattice spacing of (104) Fe 2 O 3 and (100) Li 2 O 2 planes ( Figure S1 , Supporting Information). The scanning electron microscopy (SEM) images also show no significant difference between the pristine sample ( Figure S7b , Supporting Information) and the discharged cathode ( Figure S7c , Supporting Information), with the exception of a film-like structure that forms at a current density of 0.2 mA cm −2 . This most likely represents the deposition of a quasi-amorphous thin Li 2 O 2 film, which is known to occur at high (dis)charge currents. [8] Using the titration experiment developed by McCloskey and co-workers [56] (Figure S8 Supporting Information), the yield of Li 2 O 2 after first discharge to 2.0 V on the surface of Fe 2 O 3 /CNT cathodes was found to be 95.7% and 96.5% compared to the theoretical capacity at the current density of 0.2 and 0.1 mA cm −2 , respectively, confirming that the discharge capacity from the Fe 2 O 3 /CNT cathode is mainly due to the formation of Li 2 O 2 . Online electrochemical mass spectrometry (OEMS) measurements were performed to quantify the O 2 evolution during charge ( Figure S9 , Supporting Information). Even though O 2 evolution does not match the number of electrons involved in the first charge in the OEMS experiment, only O 2 is detected over the charge plateau ( Figure  S9a, Supporting Information) . At the end of charge, CO 2 is generated from the decomposition of some carbonates that are unavoidably generated via reaction of superoxide and/or peroxide with the electrolyte. This is the reason for the lower e − /O 2 ratio in Figure S9b To further investigate the discharge product formed on the cathode surface at a current density of 0.2 mA cm −2 , ex situ X-ray photoelectron spectroscopy (XPS) analysis (Figure 3) was carried out on the pristine Fe 2 O 3 /CNT cathode and cathodes from discharged and recharged batteries (discharge to 2.0 V and recharge to 4.5 V; the electrochemical performance of these batteries is shown in Figure S10 in the Supporting Information). All spectra were calibrated using the C1s peak of CNT at 284.48 eV. The survey scan from 0 to 800 eV is given in Figure 3a and shows the relative change in the quantities of oxygen, lithium, and iron on the surface of the Fe 2 O 3 /CNT cathodes. The relative intensity of the Fe2p peaks for the Fe 2 O 3 /CNT cathodes diminishes after the first and fifth discharge (black and blue lines in Figure 3a ), but recovers after recharge (red line in Figure 3a) , indicating that the surface of the cathode is covered with a discharge product which is removed after charge. Figure 3b- Figure 3b ). [57] After the first discharge, the peak becomes less prominent (black line in Figure 3b) , and after the fifth discharge the peak becomes indistinguishable (blue line in Figure 3b ). However, when the cathode is recharged to 4.5 V, the Fe2p signal completely reappears, and is similar to the pristine sample (red and pink lines in Figure 3b ). This is an indication of the formation and decomposition of products on the cathode surface during (dis)charge. In addition, after first discharge, the main peak of Fe2p slightly shifts to low binding energy compared to the pristine and recharged cathodes, which may be attributed to the surface redox activities (involving Fe 2+/3+ redox couple). Further, this could probably overlap with the surface bonds between Li 2 O 2 and Fe 2 O 3 . In the pristine electrode, O1s spectral peaks (pink line in Figure 3c ) appear from 528 to 533 eV and can be assigned to FeO and FeOH from Fe 2 O 3 . [57] The features (pink line in Figure 3d ) in the region from 55.5 to 57.3 eV can be attributed to the Fe3p contribution from Fe 2 O 3 . It is interesting to note that after the first and fifth discharge to 2.0 V, the spectral peaks in the O1s and Fe3p/Li1s regions (black and blue lines in Figure 3c, Li 2 O 2 , respectively. [58] Furthermore, after recharge (red line in Figure 3c (Figure 5d) . During the refinement, the Fe 2 O 3 parameters were fixed based on the refinement result as shown in Figure S11 (Supporting Information). The average coherent length of the Li 2 O 2 crystallite platelets first increases during initial discharge, after which it decreases as discharge progresses. This indicates the formation of larger and more anisotropic shaped Li 2 O 2 crystallites at the initial stages of discharge. The deposition of smaller and more isotropic Li 2 O 2 occurs as discharge progresses, similar to what we reported previously. [59] During charge, smaller Li 2 O 2 crystallites preferentially decompose followed by the decomposition of the larger Li 2 O 2 crystallites, as can be concluded from the initial increase in the average coherence length of Li 2 O 2 (after which it remains constant to the end of charge). [60] Adv. Energy Mater. 2018, 8, 1703513 Figure 6a . After complete discharge at a current density of 0.02 mA cm −2 , the surface of the CNT cathode (Figure 6b,c) shows homogenous toroidal Li 2 O 2 particles-about 500 nm in diameter and 100 nm in thickness, randomly oriented on the cathodes. In contrast, the surface of the Fe 2 O 3 /CNT cathode (Figure 6d,e) at the end of the discharge is covered by Li 2 O 2 with significantly smaller disc-like particles-about 300 nm in diameter and several tens of nanometer in thickness, and some large flower-like plates, several micrometers in diameter and a hundred nanometers in thickness. Notably, the Li 2 O 2 disc-like particles on the Fe 2 O 3 /CNT cathode appear to be oriented perpendicular to the Fe 2 O 3 surface and are more frequently vertically aligned. The difference in Li 2 O 2 morphology between the CNT and Fe 2 O 3 /CNT cathodes suggests a different growth mechanism induced by the Fe 2 O 3 nanoparticles. In the presence of Fe 2 O 3 nanoparticles, at low discharge current density, disc like rather than toroidal Li 2 O 2 particles are formed, some of which grow into flower-like structures. The cycling performance of the Fe 2 O 3 /CNT cathode at a current density of 0.02 mA cm −2 upon deep (dis)charge is represented in Figure  S12 (Supporting Information). The rather good cycling stability and high coulombic efficiency (exceeding 90%) over the first 20 cycles again suggest that the Li 2 O 2 morphology on the Fe 2 O 3 /CNT cathode allows for more stable cycling compared to that on the CNT cathodes under comparable conditions.
Mechanism
Since TEGDME has an intermediate DN, Li 2 O 2 formation is expected to take place both via formation in the solvent and directly on the surface of the cathode. [5, 6] The different Li 2 O 2 morphology obtained upon adding Fe 2 O 3 to the CNT cathodes, observed in the SEM images in Figure 6b- defects leads to significant electronic conductivity. Previously, hexagonal NiO nanoparticles were used as nanoseed crystals to induce equiaxal growth of Li 2 O 2 owing to their similar a-and b-lattice parameters. [30] The Fe 2 O 3 nanoseed particles have even more similar interplanar spacing to that of Li 2 O 2 , as shown in Figure 7 and Figure S1 (Supporting Information). In the XRD pattern of the Fe 2 O 3 nanoparticles, the (104) reflection is broader than the (110) reflection ( Figure S11 , Supporting Information), reflecting the anisotropic shape of the Fe 2 O 3 nanoparticles. [58] High resolution transmission electron microscopy (HRTEM) image ( Figure S14 Figure S1 in the Supporting Information) led us to hypothesize a "epitaxially induced nucleation and growth" mechanism for Li 2 O 2 growth on Fe 2 O 3 . This mechanism is schematically shown in Figure 7 where (1) [60, 61] and the footprint of the Li 2 O 2 crystallite is in the (100)/(010) direction, which matches on the (104) lattice plane exposed on the Fe 2 O 3 surface. This is consistent with the disc-like Li 2 O 2 particles that appear to grow perpendicular to the Fe 2 O 3 /CNT electrode surface observed in Figure 6d ,e. The Rietveld refinement shows no significant change in lattice parameters of the Li 2 O 2 that forms on the CNT and F 2 O 3 /CNT cathodes ( Figure S13 and Table S1 , Supporting Information) in contrast to NiO. [30] It is established that the current density affects the morphology of the Li 2 O 2 formed. [8] This is also confirmed by the present XRD studies where the average coherent length of Li 2 O 2 at relatively low current density (0.02 mA cm −2 ) (Table S1 , Supporting Information) is larger than that at high current density (0.05 mA cm −2 ) (Figure 5d) Figures 5b and 6b ,e suggests that significantly smaller disc-like Li 2 O 2 secondary particles form on Fe 2 O 3 / CNT cathodes. The smaller secondary particles will be easier to decompose upon charge due to their relatively higher surface area. Another aspect of the proposed epitaxial growth mechanism is that the larger crystallites indicate that the Fe 2 O 3 enhances the crystallinity of the Li 2 O 2 , thus suppressing the formation of passivating amorphous films, as also observed on NiO seed crystallites, [30] and enhances reversiblity of Li 2 O 2 . This is particularly noteworthy as the local current density is most likely much larger on the Fe 2 O 3 /CNT cathodes because of their smaller surface area. Another advantage is that at high charge potentials the Li 2 O 2 -Fe 2 O 3 interface can be expected to more stable than Li 2 O 2 -carbon interface, which forms a thin isolating Li 2 CO 3 film. [10] In this context, it is important to note that hematite Fe 2 O 3 nanostructures exhibit good electronic conductivity, [50, 62, 63] 
Conclusions
In conclusion, we have demonstrated that a LiO 2 battery consisting of an Fe 2 O 3 /CNT oxygen cathode with TEGDME electrolyte offers more reversible cycling on deep potential-restricted (dis)charge with a capacity retention of ≈1098 mA h g −1 (0.95 mA h cm −2 ) after 50 cycles at a current density of 0.2 mA cm −2 . Operando XRD and ex situ XPS measurements reveal the reversible formation and decomposition of Li 2 O 2 crystallites during (dis)charge at high and intermediate current densities (0.2 and 0.05 mA cm −2 ). At low current densities (0.02 mA cm −2 ) small disc-like particles and some large plates of Li 2 O 2 form perpendicular to the Fe 2 O 3 /CNT electrode surface, which are very different from that of toroidal Li 2 O 2 particles formed on the CNT electrode. Based on the similar lattice spacing of the (104)/(100) reflections in Fe 2 O 3 /Li 2 O 2 , we have hypothesized a "epitaxially induced nucleation and growth" mechanism. The resulting Li 2 O 2 has a more isotropic crystallite shape and a smaller secondary particle size, where the epitaxial growth and the larger surface area appear to be responsible for the improved reversibility of the Li 2 O 2 formation and oxidation. Although electrolyte stability remains a critical issue, the "epitaxially induced nucleation and growth" mechanism proposed in this work can be potentially used to gain control over the Li 2 O 2 growth and thereby improve the electrochemical performance of LiO 2 batteries.
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